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ABSTRAICT

A literature search covering instrumentation, antistatic agents, dind theo.-
ries of static electrification was conducted to provide a foundation for
the evaluation of antista tic treated nylon parachute cloth. An appra4.sal
of the techniques employed by at we investigators, in the evhalution of
the static behavior of mterials. justified the utilisation of fabric sur-
face resistance as the measurable paraaoeter. Special instririetation was
developed to provide the desire%. test conditions of -300? and 10% M and
permit the required range of resistance weaurnts. Vile no permanent
andatatic Agtnt studied was found to be effert.Lve at the low coi1perature
test conditionot, specific non-permzient agen:, gave the treated material
a surface resistance at the test conditions which wae comparable to tile
resistance of untreated nylon fabric at standard test conditions of 700?
and 65% iii.

PUBLICATION REVIEW
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I INTRIDUCTION

The Problent of Static Electricity on Parachutes

Nylon parachutes under norm.', conU i- sually function without any notice-
able difficulty produced by static electr. ity. However, a si4,lificant number of
delayed parachute openings have been repr.rted where cold, dry atmospheric condi-
tions prevailed. These delayed openings .ma have been caused, in whole or in
part, by the accuzi ilation and retention of strong eiectrostatic charges on the
nylon fabric. Because of the magnitude of the charge existing on the nylon under
extreme climatic conditions, there is a greater tendency for the panels of the
parachute to cling together "%ring opening. The object of this investigation was
to carry out a program of research, development, and evaluation to determine the
antistatic agent most suitable for the treatment of personnel type nylon parachute
fabrics to eliminate the possibility of malfunctioning caused by electrostatic
charges.

Although the literature contains an ever increasing quantity of information
on such subjects as the phenomenon of static, the effects of antistatic agents,
and the techniques for measuring the static properties of materials, no reported
work has been conducted at conditions of extremely low temperature and ljw rela-
tive humidity. In addition, there is no satisfactory experimental criterion with
which the acceptability or non-acceptability of a fabric's electrostatic behavior
can be predicted.

In the case of the electrostatic difficulties encountered with untreated nylon
in the manufacturing processes and in many consumer uses, the reduction of the
static tendencies of treated nylon to a magnitude comparable with the -tatic pro-
perties exhibited by cotton at normal ambient conditions is considered to be a
satisfactory goal. However, this goal would be too ambitious for the case of
parachutes operating at sub zero tenipc-atures. APs nylon parachutes function pro-
perly under conditinpq of normal operation, the electrostptic properties of the
material at those normal conditions is undoubtedly satisfactory even thu .' they
are much greater than for cotton fabrics under similar cojnditions. Should these
properties be retained by the material, after antistatic treatment, when the con-
ditions of use are those which are considered to be extremne, then the electro-
static beiavior of the treated nylon should, likewise, be satisfactory. With this
irterpretatinn of the requirements, the desired target properties of a treated
nylon fabric were considered to be as follows:

1. The treated fabric, wh'.n tested at conditions ot -J3OF and
10% RH, should have electrostatic properties comparable
with the electrostatic propertier of untreated nylou
tested at 70°F and 65% RH.

2. The antistatic agent should be essentially nonvolatile at
temperatures below 130 0 F.

3. The treatmen should be fast to laundering and dry clean-
ing at temperature? up to 200F.

WtDC rR 54-513 1



4. The treated fabric should retain the tensile strength,
tear strength, weight, color, and air permeability of
the untreated fabric, both before an! after accelerated
ageing.

The program to achieve these target properties was divided into three phases:
first, an extensive review of the techni al literature available or. static electri-
city, techniques fur determining the elecrostatic properties of textile wmterials,
and textile antistatic agents; second, rn investigation to determine the most satis-
factory method for evaluating agents at conditions of low temperature and low rela-
tive humidity; and, third, the application and evaluation of nylon antistatic agents
supplied by the various manufacturer,.

Phenomenon of Static

The phenomenon of static electrification was man's first insight Into the fteld
of electricity. As far back as 600 B. C., it was recognized that amber, which is
a foesilized vegetable resin, after being handled acquired the ability to attract
light particles of matter. Thus, from the Greek "eleCtron" meaning "amber", the
word "electricity" was derived.

A search of the scientific literature on static electricity (a bibliography is
presented in Appendix I) disclosed that, although an impressive amount of work has
boon done, little effort has been directed toward an understanding of the basic phe-
nomenon. This situation exists in spite of the fact that the manifestations of
static electricity are a con occurrence, and are observable both in the prmduc-
tive utilizazion Of static as well as the hasards created by its presence. In the
field of medicine, static electricity is utilized in Electrotherapy, the treatment
of disease by electricity; yet, the fear of ether explosions due to static electri-
city is constantly present in the operating room. lectrostatic flocking produces
a highly desirable comercial textile product; yet, processing difficulties brought
about by static charges on textile fibers, y~rar, and fab:-ics continue to produce
costly and hasardous situations.

Recently, as a result of the difficulties encountered in the fabrication and
performance of textile materials, the need for a study of the basic aspects of
static has become acute. It is common knc iledge that since the advent of the newer
synthetic fibers, operational hazards and failures have been multiplied because of
the greater tendency of these fibers to accmulate and retain static charges than
is the case for the natural fibers. Thus, recent investigations have been concern-
ed primarily with the manifestations of static electricity rather than with its
causes. This can be attributed to the urgent need of corrective measures for the
abatement of orerational difiiculties.

On the other hand, it is hardly surprising that the fundamental aspects of
static electricity have received such meager attention from the scientists. It has
been only recentaly, with the inception of the new theories of solid state physics,
that the tools needed for such an investigation have begun to appear. Through the
study of solid state pfysics, the great complexity of factors that enter into the
determination of the characteristics of d surface have become more apparent; yet,
the chaiacteristics of the surface of a material are only one set of factors of tha
total number that affect the electrostatic properties of a material.

WADC TR 54-513 2



A significant commentary on the status of solid state physics wa3 reflected by
the recent trip of a prominent rcsearch scientist to ..nother scientist at tne Massa-
chusetts Institute of Technology. The meeting was tO discuss the probability that
a single clue had been found which night lead to the !!olatiot. of a single factor
which would regulate the surface characte-'stics of a germanium crystal. Wen it
is coisidered that germanium can be purifie. t.o a degree that ha. not been possible
for any other element, and has been the subject of more research than any other
material up to the present time, the probl.ims that rest be faced in the study of
fabric surfaces can be more fully realized. It seems probable that much effort will
be expendel before quantitative answ2rs are available to the questions concerning
static electricity on textiles.

The term "static electrification" was defined by Lobe (39) as all proctsses
for producing segregation of positive and negative electrical charges by ehanical
-tions which operate by contact or impact between solid surfaces, between solid and
liquid surfaces, or in the rupture of solid cr liquid surfaces by games.

The generation of static charges on so called non-conductors, of which most
synthetic fiberu are typical, has been ascribed to a number of causes. Among these
are frictional or triboelectric effect.', Volta mechanim or double-layer separation
effects, and electrolytic effects. A logical, partial explawati,,n of static charges
was given 1.i tht first time by Frenkel (16) in 1917. The theury, however, wus far
from compl.ete, and has been subjected to many revisions based upon new developments,
(1), (21). Gonsalves (21) did not isolate the triboelectric effec' from the double-
layer effect, but rather considered that both terms referred to the tras3fer of
electronz across an interface. Although his study was confined to the case of
little or no friction, Gonsalves recognized the opinion of other physicists, that
in the case of strong friction between the surfaces of zt-rials, other mechanisms
of charge transition would occur.

Of the several theories advanced to explain the mechanism of frictional static
generation, the modern theory, bases upon quantum mechaical considerations (4),
(21), (57), (64), (70). is the most satisfactory. An expliation of this theory,
given in Appendix II, has been prepared by Dr. 0. K. Hawardi.

Parameters for the Measurement of Static Propensity

The parameters that are known to b,! important in the determination of one or

more aspects of the electrmstatic behavior of textile iiterials are:

I. The Specific Resistance, or Resistivity.

This quantity can be a composite, being determined by the physical
properties of both the surface and the volume of a material.

2. The Dielectric Constant.

This is a quantity that enters into the capacitance of a given
co-ifiguration with respect to its surroundings.

3. The Magnitude of the Electrostatic Voltage Generated Across
an Interface.

'ADC TR 54-513 3
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These parametcrs determine the magnitude of the instantaneous voltaje generated

acress an intrrface for a given set of external conditions. It is to be understu~d

.at th. t1c= "interface" is used to refer to surface dimensions as small as those

of a large molecul!, for it has been observed (34), (69), that on sheets of plasti.c

ana paper the di irribution of nharges over a surface can be extremely complex,
generally being ' iosaic in which the pattern is produced by differences in charge

density and pola. .:y. Although the rrs titwd, ,f the voltage generated across an

interface may be small, the field strent'a may be extremely high (21), being iited
to the value at which ionization of the gas at the interface occurs. Separati,):- ef

the two surfaces comprising such an in.erface may result in a large rise in pot:!n-

tial, since the charge nay remain nearly constant while the capacitance of the
system is reduced. Whether this voltage remains at a high value, i. e., whether
the charg.s on the interface remain immobile, depends on the presence or lack of
discharge paths. Such paths can exist to ground through the material, along itp
surface, or between oppositely charged areas on the material. Ion pathi, likev;.'he,
can cause dissipation of charge by means of corona discharge between aAjacent areas
or by the ittraction of ions from an external ion source. However, when the total
"parallel" resistance of the shimt discharge paths is extremely high, charges can
be doveloped and retained.

Although there has been general agreement on the detrimental effects of static
electrical charge accumulation and the need for alleviating measures, agreement has
not been so general concerning the methods to be used. Nevertheless, all correct-
ive measures are based on either the prevention of the formation of the charge or
tne rapid dissipation of any charge developed.

At least for certain operations in mills, one successful artifice for the dis-
sipation of the static charge has been the installation of "static control bars"
consisting of generators of both positive and negative ions. The area surrounding
the point of static formation is rendered conducting, thus allowing a rapid dis-
sipption of the charge.

A second method of control has been the applica&tion of finishes to the yarns
or fabrics which reduce tt* instantaneous value of the charge. It is generally
assumed that such age,,ts uwe their effectiveness to their ability to reduce the
surface and/or volume resistivity of the material, thereby providing paths of low
resistance through which charges may be dissipated to ground or through which they
can neutralize each other (1), (2), (5), (11) (14) (18) (19) (20) (26) (27),
(28), (29), (33), (40), (41), (45), (48), (541, (551, (595, (605, (611, (665.

Graham (22), however, is of the opinion that "the main function of an anti-
static agent is to form an electrostatic shield between fiber and metal in order to
* duce or eliminate the contact potential between them. Su.rface active agents are
Cfective as antistatic agents because they are oriented on the surface of the
!.ber thus forming a more effective electrostatic shield." He refers only to the
performarce of fibers during fabrication, during which prcess, he states, most of
the electrification is the result of fiber-to-metal contacts.

In v;der to assign figures of merit to various agents that night be used for
static control, it is necessary to make observations 3n their effects. These ob-
servations have been made at operational levels as well at in the laboratory, and
iave been reported in the literature. At least one prominent authority on anti-
3tatic agcnts is of the opinion that of all the measurements that are practical at
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the prsent time, none can provide an accurate indication of the tperationa. elec-
trostatic behavior of a textile (13). It is undoubtedly true, however, that order-
oi-,ugitu.e indicatiois of relative performance undr specific sets of conditions
can be oh _ir.ed by making measurements of one or more of the parameters affecting
electrical performnce.

The experimental techniques, reported in the literature, used in evaluating

electrical characteristics are measurements Of:

1. The electrical ciarge

2. The electrical potential

3. The specific resistance or resistivity

4. The rite of rise of the charge

5. The rate of decay of the charge

6. The relation between the resistivity and the potential gradient

The measurements of charge are difficult to make when applied to plastic and
paper sheets (14), (69), and even more difficult when applied to fabrics because of
the following considerations:

1. Except when extremely small samples are used (43), (44), it has not
been possible to achieve a uniform charge density of a single polarity
over a large enough area to permit measurements to bw made with accuracy.

2. Since the charge density is smll (21), measurements nust be made over
an area so large that the total charge is much greater than the charwe
req.Jired to give an accurate indication on the measurine instrument.

3. The time constant of the capacitance under measurc-ment and the in-
ternal resistance of the sensing instrtuent must be large i. copari-
son to the time required for an observation.

4. The internal resistance of the measuring instrument mamt be large
compared to the resistan - of the discharge paths that exist on the
material under test.

5. The method of generating the charge may affect the electrical pro-
perties of the test specimn.

The measurement3 of charge and potential that have been made (with the except-
ion of those made by Medley (43), ( 4)),appear to give readings of the sums of the
:iiltiple charges of opposite sign that existed on the surfaces under measurement.
3raham (21) rubbed surfazem, on which various agents had been deposited, and measur-
ed the potential generated as a function of the concentration of various types of
agents both surface-active and surface-inactive. It would seem unavoidable that
3uch rubbing would change the surface properties and thereby possibly affect the
intistatic performance of the agents. This criticism cou]d be applied, likewise,
co the work. of C-handler (9), Fishback and Horevitb (15), Hayek (28), and Pariaud
and CGul.ioud (50), all of whom used friction, with the attendanta possibility of
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abrasion, as the means of generating the quantity under measurement.

Although it would be useful to obtain data on the effect of various artifices,
including antistatic agents, through measurements af the rate of charge generation,
the maximum value of the chaige, the potentiai gradient, and the rate of dissipation
of charge, the experience of the last two years has indicated that too many un-
controllable factors Pxisqt to wire suvh measurements useful except possibly to p 4nt
out new directions of research. on the -.er hand, a considerable amount of succe.-s
has attended those efforts directed towd the measurement of the resistivity of
materials. Because of the relative ease of measurejoent, and because of the reali-
zation that if the resistivity can be brought down to a low enough value then the
ritnitude of the other parameters becomes unimportant. In line with this reasoning,
most of the recent investigations have been directed toward the measurement of the
effect of various factors on the resistivity of the material.

Whether resistivity is a reliable indication of electrostatic behavior depends,
at least in part, on whether such resistivity is ohmic or dependent on the potential
gradient. Most experimenters reported that the resistivities observed were ohmic
over the range of potential gradients used in their experiments (18), (1;), (20),
(33), (66). However, M*i.phy (45) reported non-ohmic behavior in resistivity meas-
urEments,

Evershed (14), on the other hand, in his work with cotton and other materials,
found that ouly those materials that were either entirely free from water- content
or were saturated with water exhibited an ohmic nature. Between these limits, the
behavior was found to be non-ohmic, with the resistance decreasing as the potential
gradient was increased. It should be pointed out, however, that the gradients he
used were high, and that the curves obtained were not clearly defined for the gra-
dihnts commonly used in measuring the resistance of fabrics.

Mr. Harold McLean (65) of the General Electric Engineering Laboratory stated
that the resistivity was a function of the potential gradient, reaching a peak value
and then decreasing as the gradient is further increased.

Thus, the calculation of resistivity obtained from readings of E/I may or may
not describe the instantaneous behavior of the material, depending on whether or
not the resistivity is a function of the field strength.

Other than the ohmic or non-ohmic nature of the resistivity measurements,
several variables in the test procedure mst be given due consideration. The heter-
ogeneous nature of the samples, and the non-uniformity of antistatic application
bcth preduce variations in the resistivity values obtained. Likewise, the pressure
bet~teen the sample under measurement and the contact eiectr-..:z must be considered;
however, this source of variation can be substantially reduced by appropriate design
of the equipment, as reported in the AATCC Inter-Laboratory Resistivity Tests (18),
ar by Texpir and Edelstein (66) in using their guard ring electrode.

The foregoing review of the literature pointed out the ntmsrous difficulties
to be expected in an evaluation of antistatir agents on parachute fabric. While the
measurable parameters arm rather mll defined, the correlation between labomtorY
evaluation to actual service results remains undetermined.

WADC TR 54-513 6



Instruments

As mentioned previously, the methods employed for determining the electrostatic
properties of textiles ma~y be separated into two general classifikations; first,
instrumentation which generates a charge on the test specimen through friction and
measures the resulting electrostatic potential, olectrostatic charge, and/or the
half-life period of the charge; and, second, inscrumenration which measures the sar -
face or volume resistance of the specimen under investig'1tion.

In &a effort to deterkiuc which of the two categories could be expected to give
the more desirable tech'nique for the project, three series of evaluations were per-
formea.

1. Measurement of Electrostatic Charge

An Electrostatic Susceptibility Meter was used in conjunction with a friction
devic, for generating a charge on the fabric sample. This arrangement allowed the
measurement oi the charge generated as well as the half-life period of the charge.

Tests were designed and conducted to determine the reproducibility of results
obtained on a single teat sample, and to determine the range of variations to be
expected in the measurement of several teat samples representing the same anti-
static treatment.

The inability of this instrumentation to provide reproducible results on a
single test specimen indicated its shortcomings and undesirability for further in-
vestigation.

2. Measurement of Electrostatic Povential

The Fabric Contact Potential Meter developed by the general Electric Company
was loaned to the Rese!arch Foundation, and was utilized in a series of tests for
Measuring the electrostatic potential developed on fabric surfaces.

This instrument, discusced in itppendix III, %as foLad to give resuhZS with a
non-reproducibility sufficient to regard the apparatus an unsatisfactory for a
quantitative indication of electrostatic behavior.

3. Measurement of Surlace Resistance

An instrument, modeled after the Hayek and Chromey Resistivity Meter, was loan-
ed9 to the Foundation by the Ames Worsted Company, Lowell, Massachusetts. This in-
strument was utilized in the evaluation of fabric surface resistance as a measure of
tt~e electrostatic properties of the nylon parachute fabric.

Fourteen different antistatic agents, applied to both white and orange nylon
fabric, we~re evaluated at standard conditions to determine their -offect on the fabric
surface resistance. A tabul~.ati.on of the results obtained, and a statistical aralysis
o f the data is presented in Appendix IV. In general, the investigation gave repro-
ducible reiAdings for a single fabric specimen, and demonstrated the ri.Kliablity of
the resistance values obtained.

As a result of tbo foregoing investigations, little doubt existed concerning
the pararnter ;o be uti.lized in the evaluation of antistatic agents on nylon fabric.
Measuremeyits of resistivity on tht test specimfens was selected &5 the only available
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method by which reliable data could be obtained. Such a selr ction was in keeping

with the feelings of other investigators in the field, and was further a-uthenti-
cated when the American Association of Textile Lhemists and Colorists Cowittee
on Static Electricity accepted such resistivity measurements as the Tentative Test
Method for the evaluation of antistatic agents.

The p oblem with which this proje " was concerned, however, required further
considerations. Since the base refereace value to be used as the criterion of
effectiveness of an antistatic treatwent was selected as the antistatic properties
of untreated nylon at :%tandard conditions (70OF and 65% RH). what then was the re-
sistance value if nylon at these conditions? Texeira and Edelstein (66) reportod
a value of 2 x 1013 ohms for nylon at these conditions. However, it was reasonable
to assume, in view of the work of other investigators, that the resistance range of
untreated nylon might reach the order of magnitude of 1015 ohms.

Another factor to be considered was the establishing of the maximm resistance
that a treated parachute can have before difficulties due to electrostatic attrac-
tion occurs. The only information available in regard to this question was that the
standard nylon parachute under ordinary awbient temperature and relacive humid-ity
conditions will usually function properly. Thus, without actual experimental data
available, a raximn allowable valyg of resistance was unhmoun, and a treated fabric
with a resistance of as high at 10±0 ohms at -30OF and 10% ]I might function just as
well as a parachute having a resistance of only 1012 ohms.

These considerations determined the primary characteristics of the test equip-
ment required for the project. The instrumentation had to be designed to allow the
measurei.e.t of fabric surface resistivities in the order of 1016 ohms. Likewise,
the test apparatus had to be capable of obtaining ambient conditions in the order
of -30OF and 10% MI.

In an effort to ascertain which of the many possible direct-reading instruatus
would be most suitable for the Leasurerents of such high resistances, an extensive
search of the literature was made, and the market was surveyed for commercially
available units. Of the instruments encountered in the survey, the " Cenco Electron-
ic Electrometer" and tht "Keithley Electrometer" could be expected to provide
accurate readings into the region of 1015 ohms. Likewise, the "Sensitive Inverter",
a chopper amplifier sold by Ballantine Laboratories, Inc., Boonton, N. J., might
also give readings up to 1014 or 1015 ohms. The Cenco Ele~.tronic Electrometer was
finally selected because it met all the necessary requirements and was rather in-
expensive.

Although the circuit stability of the electrometer used for direct readings of
resistances in the 1015 ohm region may be of a high order, these readings would be
difficult to obtain because of the susceptibility of the instrument to external dis-
turbances. For example, when a short length of wire was attached to the "hot" input
terminal of the Cenco Electronic Electrometer, it could detect the breathing of an
operator at a distance of ten feet if it were set in its vost sensitive position.
Likewise, leakage currents, capacitance changes between charged objects in the
vicinity of the test set-up, and electrical transients increased their nuisance
effects as the resistance values under measurement were increased.

In order to eliminate laany of these inherent difficulties, an instrument for
resistance measurements was considered which would be essentiaJly an integration
type of meter. Such an instrument is described in Appendix V. Although it uffered
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considerabe promise, further development of circuit cnmporer.t? would have been a

costly axd ti"i consuming process. In view of the modicum of success in test re-

sults achieved with the e.rly Hayek Chrorme resis. nce meter, work was directed to

the developitent of a similar resistance meter having a higher resistace range as
well as in improved electrode asiembly.

II INSTRUMENTATION

Electrode3 and Accessories

Design and Construction

The Electrodes designed for Instrumentation (Figures 1 and 2) were a modifi-
cation of the concentric-ring design of Texeira and Edelstein (66). This design
permitted two major advantages over the conventional parallel electrode design.
First, the circular area of the fabric test specimen automatically eliminated the
need for separate measurements in the warp and filling directions. Second, the
design allows simple conver-ion of the electrodes for their utilization to 'easure
either surface or volume resistance of the material.

The upper electrode consisted of two concentric stainless steel rings sek up
on a highly polished Polystyrene stand-off insulator. While t.e use of a bonding
agent was sufficient to attach the two materials under normal conditions, a unique
design was required for low temperature work since the difference ir the oeffici-
ents of expansion of the materials was sufficient to cause separation at -30OF.
By fatricating the electrodes and Polystyrene insulators in such a manner that
they were held together by a tongue and groove joint, and insert-Ing cement into
the Joint by means of a hypodermic needle, & permanent bond "as obtained. In
addition, considerable care was taken in order to maintain ;lose tolerances and
highly polished surfaces on the electrodes and the insulators.

The lower electrode, utilizing a movable steel-Polystyrene disk, provided for
a uniform contact between the fabric specimen and the upper electrode.

The manipulation of --he electrodes was accomplished by means of the electrode
assembly shown in Figures 3 and 4, where the air dashpot establishes a fixed rate
of loading for all specimens.

The measuring circuit (Figure 5) is comprised of a Source Voltage (E.), a
Cenco Electro'.: Elcctrometer, and a meter shunt. The souice volcage was con-
structed to permit the selection of 300, 100, 30, or 3 volts. The meter shunt was
made up of nine calibrated resistors ranging from 106 to 1014 ohms with a suitable
selector sw-tch (Figures 6 and 7).
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Calibration

For th circuit (Figure 5) it can be shown that:

Rs a Es x Rshv - Rshv,~Ev

where R..- Fabric surface re..stance in ohms,

E Supply voltage (300, 100, 30, or 3 volts),

Ev - Cenco reading (0 to 5 volts),

Rshv - Meter shunt resistance in ohms.

Since fabric resistivity has been defined as the resistance per square of
fabric, then:

Fabric resistivity - R, x Width of specimen ohms,
Distance between electrode3

and where Width of specimen - l-5/8"r -5.106 inches

Distance between electrodes - 0.125 inches,

thus:

Fabric resistivity (ohms) a Rs x 40.8.

The circuit arrangement was cal rated against resistances of the
values 9.5 - 108 ohms and 9.3 x 1011 ohms, using eac.., ..e four supply voltage.
and the appropriate Rshv resistances. From the data obtained, the correction factor
required, to convert the calculated resistancz to the true resistance was determined.
The results are presented in Table 1 and are shown graphically in Figure 8.

While the application of a correction factor was desirable to convert all
measurements to a true resistance value, the variations between true and calculated
values could not be considered as detrimental to the test procedure. Nevertheless,
this correction factor indicated the limitation to be expected in any attempt to
correlate results obtained using the various source voltages and shunt resistances
available with the test %pparatus.

In addition to the libration of the test apparatus against known resistances,
the apparatus was also checked by measuring the surface resistance of seven samples
supplied by the AATCC.

The samples consisted of one untreated and six antistatic treated nylon fabrics,
the resistances of which had been measured at six different laboratories in a "roind-
robin" test program. The results obtained on our apparatus were converted to the
logarithm of the resistivities, and have been tabulatzd (Table 2) in comparison with
the range of results reported to the AATCC by other laboratories.

In general, the results obtained shtwed good agreement; although all resistance
values for the treated fabrics were slightly higher than the maximm values xeported
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to the AATCC from other laboratories. e.
F,

Temperature and Humidity Chamber

Required Control

In the preliminary consideration of the design o the Test Chamber, it was
deeme,. necessary to control both the temperature an6 relative humidity within very
close tolerances. This opinion was based on the results obtained by other experi-
nenters on resistance measurements as a function of humidity, where a slight change p!
in humidity resulted in a large variation in resistance (resistance varying as an A,
inverse function of humidity). Those studies, however, were conducted at conditins ai
with relative humidities of 30% to 70% and with temperatures greater than 320F, t]
while the data desired for this project was for conditions of -jOF and 10% FM.

From $1gure 9 we see that a slight change in relative humidity at 60OF to 800F
results in a considerable change of absolute humidity, while at -30oF a correspond-i
ing change in the RH produces only a slight change in the absolute humidity.

As can be seen from Figure 9, the water vapor present during resistance
measurements by other workers was quite high, and hence a slight change in humidity 01
would produce a large change in resistance. At the extremely low values of absolute S
humidity required for this project, the resulting effect of small changes in humidi-
ty on the resistance should be small.

Thus, it was deemed unnecessary to construct tquipment for rigidly controlled
conditions of temperature and relative humidity, and therefore in the final design
a manual control system was used by which the temperature -z! huidity could be held C
within the limits uf +507 and +_5% RH. h

Construction r
tI

The conditioning test chamber was constructed as shown in Figures 10, 11, and ti
12. Although the basic deoign was relatively simple, i. e., a double-walled chamber hi
with a 1/2 inch air space between walls, the fabrication difficulties encountered e.
in the assembly were extremely time consuming and tedious. Nevertheless, every pre- wi
caution had to be taken to incorporate the features of air-tightness and good in-
sulating properties.

The cooling chiazher (Figure 13) was incorporated within the conditinning chum- MI
be-, with a mixture of dry ice and acetone serving as the .'efrigerant. The de- ti
h, nvidifyimg and heating systems were constructed as shown in Figure 14. The man-
u ily c~ntrolled dehumidifying sy3tem was such that while one drying cell was in a(
uje, the alternate drying cell could be reactivated. The small volume of air re- iz
tained within the test chamber and the relatively large quantity of available e!
desiccant permatted a rapid reduction in humidity. The heating system allowed a
positiv., ccntrol of the temperature by providing, nhen necessary, a counteracting
effect :o the cooling chamber. e:

14
A lRinneapolls Honeywell Temperature Recorder with a range of -70OF to 1600F, t:

ar.d a sianda.-d mercury thermometer were utilized for temperature measurements;
while aut Aiir!o tecording Electric Hygrometer, and a Serdex Hygrometer (Type HGS- W,
HY-l) were sed as in icators of the relativw humidity within the test chamber.
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The completed LTIRF Resistivity Tester was placed within a Faraday Cage to
eliminate external disturbance effects, The Resistivity Meter Assembly and the
Faraday Cage are shown in figure 15.

III ANTIS'-.ATIC AGENTS

The AATCC Yearbook and Hall's Modern Textile Awxiliaries were used as the
principal source of information in cbtairing the name3 vf companies who manufactured
antistatic agents. Thirty-five companies were contacted for samples of antistatic
agents capable of withstanding washing and dry cleaning procedu es without losing
their efficiency. While a large number of such agents were received, no agent was
sugLested as being fast to both washing and dry cleaning.

The antistatic agents received and subsequently tested were those Identified
in Table 3.

The thirty-nine agents were applied to both Neutral White and International
Orange nylon Type I, 1.1 ounce, rip-stop weave, parachute cloth. The material was
obtained from Cheney Brothers, Manchester, Connecticut, and corresponded to United
States Government Specification MIL-C-7020.

Application of the agents to the fabrics was carried out using a laboratory
Butterworth padder. The per cent difference between the conditioned weights
(75OF and 65% RH) of each sample before and after the antistatic treatment was
considered as the per cent solids deposited on the material. In Table 4, the per
cent solids add-on and the manufacturer's claim for the fastness properties have
been tabulated.

If the manufacturer made recommendations as to the amount of antistatic agent
required for maximum effectiveness, then the add-or applied was in keeping with
those recomendations. Where no specifications we',-e available, an attempt was made
to apply a 2% active add-on. If no specifications were furnished and if the zgent
had a limited solubility or dispersibility in the application medium which prevent-
ed an add-on of 2%, then the maximum possible concentration (for maxium add-on)
was used.

From an evaluation standpoint, it would have been more desirable to apply
each antistatic agent at different levels of concentrations and determine experi-
mentally the most effective add-on. This method, however, was not practical due
to the large amount of work that would be involved. On the other hani, it was felt
(in keeping with the views of many manufacturers) that if a sufficient amount of
agent were applied, then the maximum efficiency should be obtained. This theory
is shown in Figure 16, where the addition of antistatic agent concentrations great-
er than 'M" produce a negligible change in the efficiency of the treatment.

The highest value of "M' reported by manufacturers who specified the most
efficient coiucentration of their agent was given &s approximately the 2 per cent
level. This constitute4 the basis for selecting 2 per cent or higher concentra-
tions where recommendations were not supplied.
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IV TEST RESULTS

A. Orage vs White Nylon

Early in the program the Air Porce indicated that a greater number of opertion-
al failures were reported for the triigc- hite parachutes than for the solid coloreQ
(white or oran6e) parachutea. This posed '.e question as to whether or not the
electrostatic properties of orange dyed n,.Lon were substantially different from
those of undyed nylon.

In conjunction with the analysis of antistatic treat-d fabrics using the Hayek-
Chromey Meter (Appendix IV), resistance measurements were made on both orange fabric
and white fabric to determine if any differences existed between the two fabrics.

Based upon the supposition that the electrostatic properties of the white and
,range nylon fabrics are the same, the application of several antistatic agents to
the two materials should give antistatic properties with a high degree of correla-
tion between the orange and white fabrics. The relative mean effectiveness of four-
teen antistatic agents have been listed in Table 5, and presented in graphic forms
in Figure 17.

The data indicated that a certain order exists in regard to the relative
effectiveness of each agent for the two fabrics. Two methods of correlation, based
on ranks, were appled to the data. (The possible value limits are -1 to +1, with
-1 indicating high regative correlation, 0 indicating no correlation, and 1 ndi-
catirg high positive correlation.) The correlation coefficient, using the Spearman
technique, was found to be +0.81, while the coefficient using the Kendall method
was +0.69. From these results it is possible to conclude that, from among the
several antistatic agents, the one showing the mst effectiveness on white fabrics
will also be most effective on an orange fabric. However, the actual numeric
resistivities of the agent on each fabric will not be equal.

B. Resistivity as a Function of Temperature

Using the LT"RF Resistivity Meter, measuremento of resistivity as a function
of temperature with approxnmately constant relative humidity were made on white
nylon fabrics treated with antistatic agents No. 13 and No. 15. Each value obtain-
ed was the average of five resistance reamurements on a single fabric sample. Each
specimen selected for the evaluation had a resistivity value close to the mean
resistivity value of the treated fabric when measured at 64 0 F and 63% RH. All
mee-surem ent were made on the same surface of each specimen.

The results of the investigation have been tabulated in Table 6 and shown
graphically in Figure 18.

C. Resistivity as a Function of Relative Humidity

easurements of resistivity versus relative humidity at constant tensperature
wcre carried out on three fabric s3aples. The results obtained are shown in Table
7 and Fig-ure 19. The tests were made on the specimens used for the resistivity vs
tremperature study, xnd the same nrecautio's were followed in the evaluation.
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D. Resistivity Measurements

Using the LTIRF Resistivity Meter, the thirty-atne antistatic treated fabrics
were evaluated at various conditions of temperature and relative humidity. The
results obtained are tabulated in Tables 8 and S.

The tests conducted at -30OF + 50 ant 10% RH + 2% indicate that treatments
No. 6, 7, 9, 13, and 15 were the only saaniles worhy of further evaluation. These
five treatments (on both white and oraag.; fabric) were subjected to a laundering
procedure in accordance with the AATCC T'tntative Test Method 40-52, and re-evaluated
for their antistatic properties. AUl treatments, after laundering, had resistivity
values beyond the range of the test apparatus (greater t'-An 6.12 x 1C1 6 ohmsa).

The mean resistivity and the range of value:, were calculated for each treatment.
In thosie cases where one or more values were within the rang-. of the apparatus
while the remaining measurements were greater than the test limits, the average
resistivity was reported as a value greater than the maximum range, and the minimu
value measured was incerporated in the tables as the lower limit
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V DISCUSSION D.

A. Electrostatic Differences Between Orange and White Parachute Cloth oj

The results of the rank correlation data for orange treated fabric to white
treated fabric gave a Spearman coefficient ot +0.51 and a Kendall coefficient of
0.69. Based upon the hypothesis that no differenc xisted in the electrostatic

prop rties of the dyed and undyed materials, and since the amount of antistatic
agent applied to the two fabric samples was substa; tially the same, then it was
l.gical to assume that a high positi7e coefficient of correlation (near 1) wouAld T
be found. While the correlaticn coefficients are fairly high, little doubt exist-
ed that a variation does exist between the resistivities (and hence between the
electrostatic properties) of the dyed and undyed nylon parachute fabrics. V.

An examination of the mean values for each antistatic treatment on the orange o1

vs white fabric, showni that, in general, the resistivity of the orange material has
a higher value than that of the white fabric. t:

In the light of the.se data, it may be interpreted that the orange dyed fabric 6

is of a higher resistance than the original undyed material. Thus, a greater 6
electrostatic potential (increased attraction) could exist between the different
colored panels in the orange-white parachutes than in a single color parachute.
Hence, at threshold conditions, the increased attraction between the oran4e and
white portions of a combination parachute might be sufficient to cause inc'eased
operational failures reported for this type of parachute.

B. The Effect of Temperature on Resistivity

Even though good reproducibility was obtained in the resistivity-temperature
data for treatments No. 13 and No. 15 (Figure 18), the results achieved were not c,
sufficient to determine the exact relationship between temperature and fabric re-
jistivity. The slight variations during the teqts of relative hbmidity and, pro-
bably mere important, the variations ir absolute humidity have been reflected,
undoubtedly, in the curves produced.

The variations in bcth relative and absolute humidity during the investigation
are shown in Table 10. The table shows that the moisture cotent of the air at
320F and 16% RH was thirty times greater than the content at -3C°F and 10% M.

Since Hersh and Montgomery (33), leggin, Morris, and Yuill (36), and Slater
(61) reported that resistivity is primrily a function of moisture content rather
than chemical structure, and since the moisture .ontent of the material depends
on the absolute humidity rather than on the relative humidity, an evaluation of
resi.3tivity vs temperature measurements would require a rigidly controlled absolute
huLmility. Nevertheless, the data acquired describe satisfactorily the phenomenon
involvtd, wherein the surface resistivity increases as the temperture decreases.

C. The Effect of Moisture on Resistivity

As in the case of the resistivity vs temperature measurements, the data ob-
tainad for the resistivity vs relative humiditywere in.ufficient for the d termina-
tc-n of a quantitative evaluation of the resiiltr. However, the data clearly
illustrated the fact that fabric iurface resistance increases as the relative
humility docreuses. W
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D. Resistivity Measurements

The vean surface resi3tivity of untreated nylon parachute fair-ic at conditions
of 70OF and 65% RH was determined to be:

6.12 x 1014 ohms or white materiil, anO

10.8 x 1014 ohms for orange mterial.

These values compared favorably with the value of 2 x 1013 ohm reported by
Texeira and Edelstein (66) for untreated nylon fabric surface resistivity.

In line with the target properties discussed previously, these rcsistivity

values were used as a reference potit for establishing the relative effectiveness
of a given antistatic treatment at low temperature and low humidity conditions.

While none of the thirty-nine agents tested withstood laundering, five fabric
treatments, Nos. 6, 7, 9, 13, and 15, possessed antistatic properties at the con-
ditions o -30OF and ln% 9 which were in the range of the reference values of
6.12 x 1014 and 10.8 x 10 ohms for nylon at standard conditions.

VI CCNCLUSIONS

From the evaluation of antistatic treatments on nylon fabrics, the following
conclusions my be drawn:

1. The surface resistance calculated from the E/I values obtained with
the LTIRF Resitivity T.ter required a correction factor to deter-
mine the actual resistance value. The magnitude of this factor depends
upon the supply voltage and meter shunt resistance used in the circuit.
While the correction factors are normally very near 1.0 (indicating
little difference between calculated and true resistance), they must
be taken into consideration when attempting to correlate data obtained
with different instruments.

2. The calculated mean resistivity of untreated nylon parachute fabric,
Type I, 1.1 ounce, rip-stop weave at standard conditions of 700F =d
65% RH was:

6.12 x 1014 ohms for Neutral White, and

10.2 x 1014 ohms for International Orange.

3. A given antistatic agent differs in its effectiveness when applied
to white nylon and to orange nylon fabrics. For the agents qsted,
all but one were more effective on the white fabric thafn on e
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orange fabric. The rank correlation of orange fabric to hite febric
indicated a difference in the electrostatic properties of the tic
mateeia)s. These factors are important in the light of verbal re-

Ins ports that a greater number of operationa. failures cc ur with orange.
white para.,hutes than with solid color parachutes.

4. No permanent (to laundering an dry cleaning) antistatic agcnt was
foun4 to be effective for electi- tatic protection of nylon at -30OF

and 10% RH.

5. Two non-permanent agent3 (Nos. 13 and 15) gave the nylon the desired
antistatic properties at -3007 and 10% RH. In addItion, treatm"nts
Nos. 6, 7, and 9 were relatively effective and deemed worthy of
further consideration and evaluation prior to a selection of any
one "best n agent.

6. The fact that several antistatic agents proved to be effective under

-ic conditions of extremely low absolLte humidity is of significance in
J." the theory of antistatic action. Under such conditions the resistance

cannot be primarily a function of the absorption of water by the agent.
Altho-gh conduction due to moisture content may be the predominating
characteristic under normal atmospheric conditions, the electrical
behavior encountered under adverse conditions must reflect the phy-
sical and/or chemical properties of the agent.

This evaluation of antistatic agents cannot be considered as a completed
program in tho establishment of th. best comercial antistatic agent for nylon
parachutes. Since no permanent agent was found satisfactory, a ncn-permanent
treatmet of sufficient efficiency should constitute the desired goal. While
five such possible agents were selected from the thirty-nine materials tested,
the final selection would have to b! based on a continued investigation to

establish statistical significance to the choice made in light of the effective-
ness of treatment and the final properties of the nylon fabric.

In estahlishing the antistatic efficiency (or other characteristics) of agents
investigated, consideration mst be given to the range of resistance value3 me aured

* for each treatment. While two given treatments may have the same mean resistiv-
ity, the treatment with the smaller variance mst be considered as providing the

better finish, and consequently providing the better electrostatic prc .:ec-ion.

In this investigation there was a considerable difference in t|te variances

of the resistivity measurements for the various agents. These differences !my be
a consequence of the effectiveness of the agent, or a functic= of the e7enness of

application. If the antistatic properties of a given agent tend to change due to
chemical or physical mdification of the finish, then a large 7ariance may result.
On the other hand, when the electrostatic propertie- ehange rapidly with the con-

centration of the applied agent, the method of application must be considered. It
ia well known that in the applic-tion of a finish, differences in pickup will occur
over the length of fabric as well as from side to side of the piece. These two
possibilities are worthy of consideration in the final selection of an agent for
use as xn antistatic finish.
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Up to this point, it has been assumed that the malfunctioning of parmchutes
in the dzy arctic regions is due to the retention of static charges. Shouid this
be the case, then (based upon the investigation coiducted) the application of a
suitable non-permanent antistatic agent would alleviate those difficulties. Ab
suggested by Mr. H. T. McLean, (Gtneral Electric Co.), not only the parachute but
all other dielectric materials in the ,tire parachute assembly and container
should be tre .ted ith an antistatic age t. for mximum possible efficiency.

As previously stated, the effectivw.ess of the antistatic agents has been
evaluated through the investigation of only one of the measurable parameters known
to be important to electrostatic behavior - fabric surface resistivity. How well
such laboratory results coirelate with actual service pLformence remains unanswer-
ed. This question, along with numrous others prevail~ig in this field can be
answered only through a continued and e.tpanded investigation of the phenomenon of
static electricity.

Several avenues of ap-roach should be folloved in an effort to understand
furtber and combat the problems created by static charges. the method o. ucasur-
ing fabric resistance may be greatly improved by an investigation of the utiliza-
tion of the Integration Circuit (discussed in Appendix V). Other parameters
affecting the electrostatic behavior of materials (i. e., the dielectric constant
and the magnitude of the electrostatic voltage generated across an interface)
should be studied to obtain accurate and reproducible methods of measurement, and
to determine the relative inportance of all parameters. The various basic materi-
als, such as nylon, nhust be studied and understood from the point of view of elec-
trostatic susceptibility. Such a study may be more effective through the use of
homogeneous nylon sheeting rather than a woven fabric. And, finally, the nature
of the finishes, applied as antistatic agents, requires a greater unde etanding,
wherein the significavre of the chemical stiucture, possible chemical action, and
phsical properties can be interpreted in terv of antistatic properties.

In general, the problems of static cannot be wholly overcome until a thorough
understanding of the phenomena is made available by an expanded program into the

xiany related fields.
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APPENDI 11

A THERY OF STATIC ELETRIFICATIO

Of the ieveral theories which have been grggested to explain the mechanism C
static electrification by friction, nonp can explain the phenomenon as well as those
based on quantum mechanical consideration (1),(2), (3), (4), (5).

The explanations which have been presented, however, cannot account for all
the details of static electrification and are far frm being complete. The analyti-
cal investigation of the problem of static electrification is so complex that recent
investigations have been primarily restricted to metal to insulator friction. it is
hoped that an understanding of this simpler case may eventually lead to a solution
of the more complicated instance of insulator to insuiAt tr friction.

This review does not deal with such microscopic effects as double layer effects,
electrolytic effects, etc. It is felt that an atCmistic understanding of the pheno-
mrna- is tf primary importance in pointing the way to the solution of the problem of
electrification from the point of view of the properties of the material.

There are essential structural differences betweon metals and the so-called
insulators. Mhen an electron coming from infinity (with a given energy) passes
through a metal, its potential energy is reduced. The total energy, however, remains
unaffected. The states of motion of the electron 1 the m-,tal arr ,"ssible only in
a number of discrete energy states, Not more than two electrons c.. occupy any one
energy level (Paule's exclusion principle). In the case of an insulator, some of
the energy levels are fully occupied in the sense that the electrons in them are
bound and cannot participate in the conductien of electricity.

It is not reasonable to consider an insulator as possessiig allowable bands
since these could bo occupied by free electruns, i.e,, the insul&rr would conduct
electricity which is against our conventional concept of a true insulator. It is
more realistic, instead, to visualize allowable states which can be occupied by
electrons of rzztricted freedom of movement. This point of view can then explain
the adherence of the charging elzctrons on the surface of an insulator, and it can
also account for the possible existe,,.e of "holesn whenever these semi-free electrons
can be detached from the surface of the insulator,

An explanation of the electrification can now be had on the basis of the pre-
vious argument. The schematic shown in Figure 20 is very helpful to the discussion,

Three cases are considered for a block of metal and insulators brought into
the pro.ximity of each otner. The above figures also show the manner in which the
potential barrier is enxected to change with the separation between the metal and
insulator. Case III, shown in detail in the lower part of the figure, indicates
the two possibilities of having the metal charged negatively by friction according
to the holes left in the insulator being due to eluctrons leaving a state of re-
stricted freedom or the re',erse case for which the metal becomes positively charged.
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The point of view which has been adopted above can explain the influence of
the effect of applying mechanical pressure when electrifying bodies by friction.
It also is able to yield a plausible explanation for the retention of the charge by
an insulator, i.e., the appearance of holes as indicated in the expanded Case In .

The qlantua mechanica approach L, this problem is new, and very few papers
dealit-g wi .h this immediate question he been written. '!evertheless, the
scientific tool required for a satisfP.ctory explanation of the phenomenon of
sti tic may well be that of quantum mt chanics, and future investigations may lead
to explanations of static generated by insulator to insulator friction,
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APPEN DIX III

THE FABRIC CONTACT POTIZTIAL WMEft

The L eneral Engineering Laborat. .v of the General Electric Company has
developed a Fabric Contact Potential 1eter for the measurement of electrostatic

potential to indicate the electrostvtic nature of the surface of materials and the

effectiveness of applied antistatic agents,

This instrument is shown in Figure 21, and is operated in the following manner:
The upper and lower plateg are circular disks of polished chromium. The upper plate

is separated from the electrostatic shield oy a polyethylene block. The test speci-
men is clamped securely over the lower plate, and the upper plate is grounded. The

lower plate is brought into close contact with the upper plate, and held securely
by means of a special clamp. The ground is removed from the upper plate, and then

the lower plate is quickly released and allowed to fall away from the upper plate
at a ccnstant rate. The potential existing on the upper plate is measured by a
Keitley Electrostatic Voltmeter and represents the voltage existing on the fabric
specimen. The polarity of the charge indicated is opposite to that existing on
the fabric,

It was found necessary (by General Electric) to rub the test specimen manually
with a sheet of Mylar (a Dacron film) to build up a charge on the fabric prior to

the measurement of the electrostatic potential. Through this technique, the General
Electric representatives claimed that it was possible to obtain reproducible results,
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APPENIDIX IV

'TATTSTICAL ANALYSIS OF RESISTIVITY DATA
WITH THE HAYEK-CHKO EL METER

Instrumentation

The instrum,nt used in this phase of the project was modeled after the Hayek-
Guomey Resistivity Meter, The design and construction was such that surface re-
sistances from 106 to 4,0 X 103 ohms could be measured with an acc-_racy of about
5% ver the greater part of the range,

E erdenta,

Fourteen different antistatic agents, applied to both whize and to orange
nylon parachute fabrics, were evaluated at standard conditions (700F and 65% RH).
Five samples were taken from each fabric, and ten resistance readings were made for
each sample, thus obtaining a cumulative total of fifty resistivity readings per
treatment. In a statistical sense, fifty tests allowed an accurate evaluation of
the effectiveness of the various treatments,

Retuj ta

A tabulation of the results of the resistance measurements, and the statistical
calculations therefrcm has been prevented in Table 11. The antistatic treatments
applied were identified in Table 3, Table ii shows the test mean, test variance,
standard error of the mean, and the estimated population limits for each of the
fabrics involved. The estimated population limits are further illustrated by their
graphical representations in Figure 22,

Discussion

The measurement of the surface resistance of untreated nylon was prohibited by
the limited range of the instrumentation, thus the data obtained could not be
interpreted in terms of the absolute effectiveness of the antistatic agents. Never-
theless, the relative effectiveness of these agents was obtainable.

In order to establish the fact that A given antistatic agent was more effective
than another, it must be shown that the mean values of the resistivities of the
respective treatments differ from each other by an amount greater than that which
can be attrihuted to chance. In addition, it must also be shown that th. distribu-
tions of the individual test values for each treatment are statistically alike. If
they irt not alike, it is necessary that they do not influence any analyses applied
to the means. Generally speaking, formal statistical tests for measuring the pro-
bability of urike means of groups of test information are necessar) only when the
differences, of themselves, do not appear to be significant. In considering the
test lata, it was also decided to calculate estimates of both the standard error
for eich group mean and estimates of the population limits for expected future tests
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for each treatment. The standard error of the mean is an index of the confidence
that can be placed in each mean value. From a visual examinAtion of thZ population
test limits, the degree of overlap of the test results from one treatment to another
can be gauged, and a decision reached as to the necessity for a formal Atatiatica!
test to evaluate the probability that the groupA included are alike or unlike.

In consideriLng the mean wlues, ts tabulated in Table U and represented gia-
phically it. Figure 22, it was obvious 'At the differences in the means were so
great that a formal statistical test d.esigned to measure the probability of the
means being alike was unnecessary,

In considering the uniformity of application of 'ach agent on a given fabric
(white or orange), the range of test results for all agents would tend to be of
the same magnitude provided that all other factors remained equal. Since the te3t-
ing procedure was standardized to hold the other factors constant, then the applica-
tion of an "L 1 test would measure the probability that the variances (a meaaure of
the range of test results) were statistically alike. For the agents tested, the
probability that the variances were equal was found to be considerably less than one
per cent. Thus, the chances were 99 to 1 that the variances were different. Hence,
the assumption that the distributions of the test results for the various agents were
alike was not upheld, and therefore a variation existed in tht uniformity of applica-
tion between the various agents.

As an example of the range of variances encountered, Treatment No, 5 had a
variance that was 1,713,000 times larger than that of Treatment No. 8 when these
agents were applied to white nylon fabric,
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APPINDIX T

RESISTANCE BY INTIMRATION

In contrast with instrumentation for the direct reading of high resistance
values, a method which should irprove the accuracy of the measurements is sugge'.1ted
using the principle of integration. In this system (Figure 23), whe textile sample
constitutes a series charging resistor J r an air condenser which has a shunt
resistarce that is high compared to th! value under measurement.

After the charging current (E ) has been allowed to flow for a predetermined
length of time, the condenser (C) Is connecto"d acrosp ,tie terminals of an electro-
meter. From the known quantities, n~amely, the capacitance of the condenser, the
charging time, the external voltage, arnd the voltage across the air corz'enser, the
value of the unknown resistance can be calculated since it can be sbwn that

RX z t . , where

E

R- Resistance in ohmsa

t Z Charging time in seconds

C = Capacitance of the air condenser in farads

Es=Source voltage

Z Voltage across the air condenser after time t

Thus, with a source voltage of 1000 volts, a charging t' of 100 seccads,
and realizable values of C, then values of R.~ up to about l0'~ohns should be
measurable if an electrometer is used as an indi cator of E. Likewise, if a more
sensitive element were used for the indication of t9, it would be possible to extead
the range to a higher value.
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TABLE 1

RESISTANCE MEASURDEOTS WITH CALIBRATED RESISTANCE

A* Rs a 9.5 x 10 of= :t 1%

Correction factor
s s, vCalculated R 9 95 x 10a

(volts) (ohms) (volts) (108 ohms) a allculated %

295 10)6 0.3 9,8 0.97

295 107 2,9 10.0 0.95

98 106 1.0 9.7 0.96

98 107 0.1 9.8 0,97

30 0. O3 1010 0.95

30 108 2e5 11.0 0.86

3 108 0.3 9.0 1.05

3 i=9 1,2 to. 0.63

8. Rs 93 1 1 1 ohms 4.2%

Cormction farptor

(volts) (olug) (VOtm) ( 0 l ohm) calculated

295 1490.5 5.9 1.58

295 1010 5.0 5.9 1.58

98 190.1 9.8 0.95

98 1010 1,3 7,6 1,22,

30 1010 0.3 9.9 0.94

30 Jon1 24.9 9.4 0.99

3 101-1 0.3 9.0 1.03

3 1012 1.1 17,0 0.35
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TAML 2

IL1R1 IMULS TS AAT CC RESMLS

Fabr4,c LT IR Fange of A.ATCC Results

Untreated NyLmn 15.4 12.4 to greater than 15.0

Treatment A 1.2,2 9,8 te 10.4

Treatment B 13.5 U,.7 to 13,4

Treatment C 1.0.1 8.6 to 9.7

Treatment D 9.8 8.4 to 9,4

Treatment E 10,7 gel to 10.5

Treatet F 10.6 9.4 to 10.4
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TABUE 3

ANITISTATIC AGEN~TS RECEIVED AND TESTED

Treatment No. MA an fac tur tr

1 Zelec DP E. Is du Pont de Neznours &Co.
2 S-1347 Glyco Products Co,
3 S-1348 Glyvo Products Co.
4 S-1349 Glyco ProdUCts CO.
5 Polyethylene Glyco GlC G ;,3 Products Co.

Mono Lan rate
6 Avcosol 20 Atlas Powder Company

7 Tson20Atlas Power Company
8 G-263 A aPowder Company
9 GRL 48916 Atlas Powder Company

10 Aerotex Antistatic American Cyanamid Co.
11 Aerotex Softener H American Cyanamid Co.
12 G 3350 (GRL 48917) Atlas Powder Company
13 G 3780 (UI 48913) Atlas Powder Company
14 Decersol SE American Cyanasmid Co.
15 G 202 (GRL 48915) Atlas Powder Company
16 Silver Labe A S Carolina Aniline
17 Silver Lube N Carolina Aniline
18 Silver labe F Carolina Aniline
19 Lektrost-.t B Dexter Chemical Corp.
20 Lektrostat 0! Dexter Chemical Corp,
21 Laktrostat C Dexter Chemical Corp.
22 Nopcostat SY Nopeo Chemical Cc,
23 Nopoostat 1W Nopco Chemical Co.
24 Arkanuas SW Arkansas Compay
25 Trepostat 30 Treplow Products

Triton X60 Rohmn & Ha"~
27 Ahco III Paste Arnold, Hoffmn &v CO,
28 Antistat R-50-N Tanatex Corp.
29 Antiatat H-50-N Tanatex Corp,
30 Cellolube Antistat Tanatex Corp.
31 Tanalube Q 200% Tanaitex Corp.
32 Cellolube CS 200% Tanatex Corp.
33 Cellolube Tanatex Corp.
34 Silver Labe NF Carolina Aniline

Silver Lube NW Carolina Aniline
36 Antistat M-s0-m Tanatex Corp.
37 Ceramine HC Conc. Sandoz
38 Nopeostat ST Nopco Chemical Co.
39 Nopeostat AS-40 Hopco Chemical Co.
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TABLE 4

AGENTS APFLIED TO NYLON FABRIC

Treatment % Solids Deposited on 'Yabri" Manufacturer t s Claim Regarding Fastness to
No, White Orange Laundering Dry Cleaninx

1 0.8 0.6 Yes No Claim
2 3.7 3.0 Partially Partially
3 3.4 3.1 Partially Partially
4 3.7 2.8 Partially Partially
5 4.3 3.0 Partially Partially
6 4.2 4.0 NO NO
7 4.1 3.6 uknow unknon
8 1.4 1.5 Unknow Unknown
9 3.9 4.0 LUdwon Iknaim

10 3.0 3.4 Limited Limited
11 1.2 0.7 go Limited
12 3.8 4.0 Unknown Daiwown
13 3.3 3.3 Unknown Unkowfl
14 2.3 2.2 Limited Limited
15 3.3 3.4 UiOiMM Ikaon
16 1.4 1.4 Yes Unknown
17 1.8 1.0 Yes Unknown
18 1.8 1.8 Yes Unknown
19 1.0 0.5 Fair Fair
20 0.4 0.2 Fair Fair
21 0.4 0.3 Fair Fair
22 1.2 1.0 No NO
23 3.5 2.6 No No
24 0.4 0.3 No Partially
25 0.9 0,6 Partially Partially
26 C.z 0.3 No No Claim
27 0.3 0.2 Good Fair
28 0.9 0.9 No Uninown
29 0.8 0.9 No Unknown
30 1.2 1.2 NO Unknown
31 1.4 1.1 o Ltknown
32 0.7 0,5 No Unknown
33 0.3 0.4 No Unknown
34 3.7 1.8 Yes Lkkmowm
35 0.9 0.5 Yea Unknown
36 0.4 1.0 No LUrknown
37 2.3 2.0 Partially Unknown
38 1.0 0.8 No No
39 2.1 1.8 No )o
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TABLE 6

aLsisnv/iT AS A ?1MCTION OF TE4PEATMBE

Sample Tn RH

Tr 7 eitvty(b)tQ ResiltdIX

#13 White 32 16 7.90Ox 1011--

#13 White 5 13 3.?0 x 1012. 12.6

#13 White -4 12 1.32 x 1013  13.1

#13 White -1s 11. 3.48 x 1014 14"s

#13 White -25 u 8.45 x 1014 14.9

#13 White -30 10 1.97 1 1015 15.3

#15 White 32 16 4.23 x 1011 11.6

#15 white 3 13 1.32 x 1012 12.1

#15 White -4 12 8.45 x 1012 12.9

#15 White -15 11 2.15 x 1014 14.3

#15 white -25 11 5.92 x 1014 14.8

#15 White -130 i0 7.40 x 1014 14.9
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TABLE 7

RESISTIVITY VS RELATIVE HUMIDITY (AT CONSTANT TWERDATURE)

Sample Tem~p 1
Treatmmt OF LReistivity (ohes) Loiz Regsit-ity

Untreated White 64 63 10.3 x 1014 15.0

Untreated White 64 42 app 12 x 1015 16.1

#13 White 64 63 1.48 x 10L 10.2

#13 white 64 45 8.45 x 1010 10.9

#13 White 64 42 9.12 x 1010 11.0

#13 White 64 32 1.32 x 1011,1.

#13 White 64 22 1.82 x 1011 11.3

#13 White 64 1s 2.37 x1011 11.4

#15 white 64 63 less than 2,45 x 109 -

#15 White 64 45 app, 2.45 x 109 9.4

#15 White 64 732.82 x 1010 10.5

#IS White 64 is 3.06 x 1010 10.9
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TABLE 9

FABRIC RESISTIVITY AT -300F AND 10% RH
(LTIRF RESISTIVITY TESTER)

Temperatu. -30OF
Relative HIindity 10%

No. of Specaeis per Fabric S
No, of Tests per Specimen 5
Total Readings per Fabric 25

Source Voltage 300 Volta

V* li ite Fabric 0** Or.nge Fabric

Aversae Resistivity Imnits of Resistivitiee
(ot") for Individual Teats

Untreated - W* Out of Range
Untreated - 0"* Out of Rang

6 2 x 12x- Minimu of 9.4 x 1015
2 - W Out of Ramse
3 - W Out of Ra
4 -0 >6. 1 2  16 Minimua of 1.2 x 101 6

5 - W 1.22 x 1016 0.61 to 1.83 1 1016
6 - W 518 1015 3,95 to 7.20 x 1015
7 - V 3.65 x 1015 1.75 to 5.84 x 1015
8 - W Out of Range
9-V 2.45 x 1015 2.04 to 4.08 x 1015
9 - 0 6.02 x 1015 3.01 to 12.0 x 115

10 - 0 >6.12 x 1016 Minimum of 1.75 x 1016
1l - w ?6.12x1616 Minima of 1.75 1 1016
12 -W Out of Ran
13 - W 16.9x 14 9.10 to 23.6 x 1014
13 - 0 17.7 • 1014 11.8 to 33.8 1 1014
14 - W 6.12 x 1016 Minimun of 1.72 x 1016
15 - V 623 x 1014  3.95 to 8.45 x 1014
15 - 0 7.40 x 1014 4.94 to 16.9 x 1014
16 - V Out of Ran
17 - V 2.04 x106 1.53 to 6.10 x 101 6

19 - W Out of Range
20 - W Out of Range
21 - W >6.12x1616 Minum of 2.40 x 1016
22 - w Out of Range
23 - W >6.12 x 1016 Min5mum of 3.01 x 1016
25 - W >6.12 1 1016 Minimum of 1.50 x 1016
26 - W Out of Range
27 - V 6.12 x 116 Minimm of 2.45 x 1016
23 - W Out of Range
29 - W Out of Range
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TABLE 9 (Contirnued)

FABRIC RESISTIVITY AT -30? AND 10% eH
(LTIRF REISTIV1fY TESTER)

T P-erature .-30OF
Relati ' Huijdity 10%

No. of Sprt.ozis per Fabric 5
Nu. of csts per Specimen 5
Total Readings per Fabric 2!

Source Voltage 300 Volts

V a White Fabric 00 rstnge F, brle

Average Resia tivity Liaits of Resistivitie3Fabric ?reatalt -ohs -for- 1n4iUr al Tests
30 - W Out of Range31- W Out of Rang32- W Out of Rangp33- W >6.12 x iO~6 Minam o2.45x 1 01634 -V Out of Range35- W Out of Range36-wV >6.12 x116 M(jiniaof175x 101637- W Out of Rang38 -w >6.12 x 196 Minium of 1.53 x 101639 - W u of Range
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TABLE 10

VARIATIONi IN TEST ATMOSPHERE %(OIST URE CO~NTENiTS

Grains Wlater Vapor
Temp RH Per Pomd Dry r Temp RH Grains Water Vapor

OF(Abaolate -lAdid OF. L Pg P d = Air

32 16 4.24 32 10 2.65

5 13 1.07 S 10 0,82

-4 12 0,66 -4 10 0.54

-15 11 0.35 -15 10 0.31

-25 u 0,2 .4m 10 0,19

-30 10 0.14 -30 10 0,14
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1. Spring ring for securing cloth sample.
2. L4wer plat* spindle.
3. Catch.
4. Threaded lead connectim.
5. Ground connection.
6. Groundin4 bwitch.
7. Cap lead connection.
8. Keithly electrmeter.
9. Voltage divider (10:1) given full ecale reading

of 200 volta when in place between (7) and (8).
10. Electrical zeroing knob.
11. Mechanical zeroing screw (adjusted only when Keithlj

is in "off" position).
12. Scale seector switch. Tirn "off" when meter is not

in use.
13. Trigger for dropping (2).

14. Upper plate.
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